Abstract. Pathogens of medical or veterinary significance that are transmitted by mosquitoes (Diptera: Culicidae) are (re-)emerging in Europe [e.g. West Nile virus (WNV), Dirofilaria nematodes]. Little is known about the spatiotemporal abundances of mosquito species in Switzerland. Therefore, mosquito population dynamics were investigated, focusing on areas of risk for sylvatic or synanthropic transmission, such as natural sites and suburban sites on either side of the Alpine crest. Repeated collections were made using Centers for Disease Control (CDC) traps, juvenile sampling and ovitrapping. A total of 122 831 mosquito specimens of 21 taxa were identified. Levels of mosquito species richness were similar at suburban sites and in natural zones in Switzerland. Mosquito abundances and seasonality were analysed with generalized linear mixed models based on 382 CDC trap samples (29 454 females) and revealed Aedes annulipes/cantans, Aedes geniculatus, Aedes japonicus, Aedes sticticus, Aedes vexans, Coquillettidia richiardii and Culex pipiens/torrentium as the dominant species overall. Abundances of these species were season-dependent in most cases. There was an effect of site with regard to abundance (higher in natural zones), but not with respect to seasonality. Together with data on vector competence and the host preferences of different species, the present data contribute to assessments of risk for pathogen transmission. For example, both natural and suburban environments seem feasible as sites for amplification cycles of WNV and transmission to mammals.
Introduction
Mosquito-borne pathogens of medical or veterinary significance, such as dengue virus, Usutu virus and the Dirofilaria helminths, are emerging or re-emerging in Europe, and their spatial patterns are changing (Otranto et al., 2013; Ashraf et al., 2015) . In Switzerland, in central Europe, the significance of mosquitoes is currently restricted to their roles as nuisances and as vectors of a few pathogens of veterinary importance [i.e. avian Plasmodia (Glaizot et al., 2012) and Usutu virus (Steinmetz et al., 2011) ]. This picture may change in the future, given the reported transmission of dengue virus, Chikungunya virus and West Nile virus (WNV) in neighbouring countries Delisle et al., 2015; Kolodziejek et al., 2015; Rovida et al., 2015) . To date there is evidence of the regular introduction of some of these viruses into Switzerland [i.e. dengue, Chikungunya and Zika viruses (www.bag.admin.ch)]. Other pathogens may be introduced in the near future as a result of their increasing worldwide circulation. These include WNV and the Japanese encephalitis, Rift Valley fever, Sindbis and yellow fever viruses, as well as dirofilarial worms (Avšič-Županc, 2013; Calzolari, 2016) .
Recent studies of the Swiss mosquito fauna revealed a consolidated list of 36 species, several of which can play a role in pathogen transmission (Schaffner & Mathis, 2013) . Solid data exist on the presence and seasonal abundance of the invasive species Aedes albopictus (Skuse) (Diptera: Culicidae) (Flacio et al., 2016) , a potential vector of the dengue, Chikungunya and Zika viruses, and targeted control measures against this species have been implemented (Flacio et al., 2015a) . Little is known about the diversity and spatiotemporal abundances of the other mosquito species. A pilot study performed in 2010 along transects in five regions of Switzerland on both sides of the Alpine crest (northern Ticino, Midplains, Inner Alps, Pre-Alps and Jura) and encompassing urban, suburban, rural and natural zones, showed the highest levels of diversity and abundance in natural and suburban zones . These two types of zone may be considered as areas of risk for the sylvatic or synanthropic transmission of pathogens such as the Sindbis and Usutu viruses and WNV.
Therefore, the present study was conducted to: (a) further assess mosquito diversity in natural and suburban land use environments in two climate zones (of either Atlantic or Mediterranean influence), and (b) assess the relative abundances and population dynamics of the most prevalent species. The resulting information will contribute to estimations of the vectorial capacity of the mosquito species population and complement other studies on host preferences (Schönenberger et al., 2016) and vector competence Silaghi et al., 2017; Wagner et al., 2018) .
Materials and methods

Study sites
The diversity and seasonal abundances of mosquito populations were monitored at one suburban site and one natural site (wetland) in each of two different climate zones, north and south of the Alpine crest in Switzerland (Fig. 1) , during 2012-2014. The climate north of the Alps is heavily influenced by the Atlantic Ocean [classified by the Köppen-Geiger system as Dfb (continental/without dry season/warm summer)]. Both northern sites benefit from an average annual temperature of 9.2-9.3 ∘ C and annual rainfall of 1000-1100 mm. The two sites located south of the Alps benefit from a warm and temperate climate influenced by the Mediterranean Sea, classified as Cfa (temperate/without dry season/hot summer) (classified as Cfb). Winters at these sites are considerably milder than in the northern region; average annual temperature is 11.5-11.7 ∘ C and annual rainfall ranges from 1500 mm to 1800 mm (www.meteoswiss.admin.ch).
The two suburban sites (site SU-N, north of the Alps; site SU-S, south of the Alps) are in the transition areas between forest and city: site SU-N is located at the outskirts of 
Mosquito collection
Mosquitoes were collected by trapping adults using baited Centers for Disease Control (CDC) traps and, because some mosquito species are poorly attracted to such adult traps, additionally by both juvenile sampling (JS; collection of egg rafts, larvae and pupae) and ovitrapping. Sampling efforts are summarized in Table S1 (online).
Mosquito adult trapping was performed using CDC New Standard Miniature Light Traps (model 1012; John W. Hock Co., Gainesville, FL, U.S.A.) run without light. Traps were baited with 1.5 kg of dry ice pellets in 2012, and in 2013 and 2014 additionally with lure (iGu ® Combi FRC 3003; Silva GmbH & Co. KG, Lübeck, Germany) containing ammonium bicarbonate and 1-octen-3-ol in order to increase trapping efficiencies for various mosquito species (Anderson et al., 2012) . At each study site, four traps were placed under a tree at a height of 1.0-1.5 m along ecotones with a minimum distance of 300 m between traps, on an area of at least 0.28 km 2 . Traps were run over a 48-h sampling period on a bi-weekly basis and mosquitoes were recovered after each 24-h period.
Monthly JS was performed at 20 larval breeding habitats at the four study sites on an area of up to 1.20 km 2 . The original aim was to sample five habitats within each of the four categories 'artificial container', 'natural container', 'natural biotope' and 'semi-natural biotope' at each study site. However, this was possible only at site SU-N. Because the availability of certain categories of habitat was poor, this scheme was modified as follows for the other sites: site NA-N: five artificial containers, five natural containers, nine natural biotopes, one semi-natural biotope; site NA-S: 10 artificial containers, 10 natural biotopes; site SU-S: 18 artificial containers, one natural biotope, one natural container. In the second study year, the natural container at site SU-S was no longer available and was replaced by an artificial container. Samples were taken using the 'five-sweep net sampling technique' considering all water columns (Knox et al., 2007) . In large natural biotopes including ponds, ditches and swamps, juvenile stages were sampled at three different locations in the same body of water with an aquatic net [mesh size ≤ 0.5 mm; net surface area: 100 cm 2 or 300 cm 2 (smaller nets were used in dense, seasonal aquatic vegetation)]. In smaller, semi-natural biotopes including puddles, and in artificial containers such as catch basins, netting was performed at one spot using the small net for small container openings (< 300 cm 2 ) and the large net for containers with larger openings (see above). Tree holes at up to shoulder level were investigated by sampling 0.5 L water with a 50-cm length of hosepipe (Derraik, 2009) attached to a 50-mL pipette.
Eggs were also collected with simple ovitraps consisting of 850-mL black plastic cups three-quarters filled with tap water. An extruded polystyrene block (5.0 × 5.0 × 2.5 cm, yellowish in colour) per cup served as an oviposition substrate as previously described (Scott & Crans, 2003; Balestrino et al., 2016) . Traps were set in shaded places at 0-0.5 m above ground level under trees. Accumulating organic material was not removed from the cups and water was not exchanged in order to simulate realistic permanent breeding habitats. A drainage hole at the upper edge of the cups prevented overflow after rain; tap water was added when required. A total of 14 ovitraps were set up at each site with a minimum distance of 100 m between them. At each location, one ovitrap was positioned close to a CDC trap. Every 2 weeks, the polystyrene blocks were recovered and replaced, and eggs from the water surface, as well as all larvae and pupae, were collected.
Mosquito identification
Mosquito juvenile stages were transported in water-filled 50-mL tubes to the laboratory. Aedine eggs and early larval instars of all genera (L1, L2) were reared to obtain L3 or L4 as described elsewhere (Wagner & Mathis, 2016) . Culex egg rafts were kept in water-filled 50-mL tubes at 10-15 ∘ C in a refrigerator until larvae hatched. Pupae were kept under the same conditions until adults emerged. Adults were then stored at − 20 ∘ C. Larvae were stored in 70% EtOH at − 20 ∘ C until identification. Adult mosquitoes and larvae were morphologically identified under a stereomicroscope (Olympus SZX 10; Olympus Corp., Tokyo, Japan) to species or species complex level using the identification keys for females and fourth-instar larvae of mosquito species from Europe and Japan (Tanaka et al., 1979; Schaffner et al., 2001; Becker et al., 2010) . Males of Aedes annulipes/cantans (Meigen) and Culex pipiens/torrentium (Linnaeus/Martini) (Diptera: Culicidae) were distinguished by morphological examination of male genitalia (Schaffner et al., 2001; Becker et al., 2010) .
Culex pipiens/ torrentium polymerase chain reaction
For molecular identifications, subsamples of Cx. pipiens/torrentium were chosen such that both larval and adult stages collected during all seasons were included in the analysis; a maximum of five individuals from a sample were examined. The heads/thoraces of females and larvae were separated from the abdomens with clean forceps (flame sterilization after cleaning in 70% EtOH) and stored individually in 70% EtOH at − 20 ∘ C. Pools of two to 26 abdomens were homogenized and DNA extracted as described elsewhere (Schö-nenberger et al., 2016) . Polymerase chain reactions (PCRs) with primer pairs specific for Cx. pipiens or Cx. torrentium were performed as described (Smith & Fonseca, 2004) ; if both species were detected in a sample, the respective heads/thoraces were homogenized and DNA was individually extracted and amplified in pools of five as described above. The sensitivity of the assays was tested by PCRs with 1 μL of DNA extracts of whole larval or adult bodies in mixed pools of one Cx. pipiens and 24 Cx. torrentium, and of one Cx. torrentium and 24 Cx. pipiens. These DNA templates were also used as positive controls, and double-distilled water (ddH 2 O) was used as a negative control. Amplification products were visualized as described (Schönenberger et al., 2016) .
Data analysis
In statistical analyses of species abundance and seasonality, only CDC trap data for May-October 2013 were used as trapping effort and collection methods [carbon dioxide (CO 2 )-and iGu ® -baited traps] at all four sites were identical only during this period (Table S1 ). Only females were considered because the sensitivity of the trapping method for males is not well understood. Data for only two trapping periods per month and per site were used. When data for three periods were available (May, north of the Alps; July, south of the Alps), data for the month that most poorly fitted within the seasonal periods defined were transferred to the previous period (i.e. early May data were not kept for analysis; early July data were transferred to June).
Mosquito collections were analysed for species composition using chi-squared tests. The null hypothesis was that total mosquito numbers would not differ among the four study sites, between the suburban sites and natural zones, and between the sites north and south of the Alps for all species groups.
Mosquito abundances were modelled with generalized linear mixed models including the factor 'season' [i.e. 'late spring' (15 May to 2 July 2013), 'mid-summer' (10 July to 27 August 2013), 'early autumn' (4 September to 22 October 2013)]. Date was used as a random effect because multiple traps were placed at sites on each day. Because of overdispersion and zero inflation in the datasets, a total of 20 negative binomial regressions and 20 zero-inflated negative binomial regressions were calculated for each of the five species groups and the four study sites using the glmmadmb functions provided in the glmmADMB package (Fournier et al., 2012; Skaug et al., 2016) . The least significant coefficients were deleted from the full model until all predictors attained a P-value of < 0.05. All statistical analyses were performed in R Version 3.3.1 (R Core Team, 2015) . To approximate ranges of relative abundance of Cx. pipiens and Cx. torrentium, 95% confidence intervals (CIs) for binomial datasets were calculated including both the morphologically and genetically identified specimens (online tool: http://statpages.org). Some coefficients within parameters (i.e. when there were three or more coefficients for a given parameter) appeared to differ significantly from one another in the size of their standard errors (even if not significantly different from the baseline coefficient). This was confirmed by forcing one of these coefficients to be the baseline.
Results
Sampling effort and global results
A total of 122 831 mosquitoes were collected at the two suburban (SU-N, SU-S) and two natural (NA-N, NA-S) sites, located north (SU-N, NA-N) and south (SU-S, NA-S) of the Alps, during 2012-2014 (years 1-3). A total of 57 435 adults (96.5% female) were caught in CDC traps, and 65 396 juvenile stages were collected in ovitraps and from breeding sites (58.6% eggs, 39.8% larvae, 1.6% pupae). Mosquito individuals were morphologically identified to species or species complex level in 62.7% (n = 76 985) of cases and to at least genus level in 96.8% (n = 118 847) of specimens. No morphological identification to species level was possible with incomplete or severely damaged specimens (loss of most setae; only single body parts available), unpigmented L1 larvae, and Aedes eggs that did not hatch.
The trapping/sampling efforts were distributed over three seasons, but were irregular because of wetland access issues (Table S1 ). Total numbers of 1027 and 956 samples were collected with CDC traps and larval site inspections, respectively. However, in order to ensure that the highest quality datasets were used for an in-depth study of species abundance and seasonality (see below), the dataset was restricted to 'late spring' (May-June), 'mid-summer' (July-August) and 'early autumn' (September-October) 2013, when all four sites were surveyed during the same periods and with the same methods. Thus, a total of 382 samples (trappings/24 h) with 29 454 females from CDC traps were available (Table S1 ).
Mosquito species diversity
In total, 21 mosquito taxa were identified, including nine Aedes [sensu auctorum: (Wilkerson et al., 2015) ], three Anopheles, two Coquillettidia, three Culiseta and four Culex taxa (all: Diptera: Culicidae) (Table 1) , differently distributed over the sites (Fig. 2) . In cases of species complexes, the identification methods did not always support identification to species level. Within the Anopheles genus, the Maculipennis complex is represented by at least two species in Switzerland, Anopheles maculipennis s.s. (Meigen 1818) and Anopheles messeae Falleroni (Briegel et al., 2002) . Whereas molecular investigation in that complex was performed in a previous study , it was not conducted in the present research. Of the Claviger complex, only Anopheles claviger s.s. (Meigen 1804) has been found in Switzerland to date and hence all samples in the present study were considered to belong to this species. Within the Aedes and Culex genera, three groups of sibling species are listed: Ae. annulipes/cantans, Aedes cinereus/geminus (Meigen/Peus) and Cx. pipiens/torrentium. In all pairs, both species are known to occur in Switzerland, but trapped females and collected larvae cannot be distinguished with confidence by morphology and these species are therefore described as undistinguished species. However, of the 90 Ae. annulipes/cantans males, all were morphologically identified as Ae. annulipes (n = 90; 95% CI 96.7-100%) and none as Ae. cantans (95% CI 0.0-3.3%). In the case of Cx. pipiens/torrentium, 123 females and larvae were identified by PCR and 885 males distinguished by morphology (Table S2, online) . As a result, relative abundances of Cx. torrentium were found to be very low at the sites north of the Alps [i.e. the species was not identified at site SU-N and was very rare at site NA-N (e.g. 1.4% of all morphologically identified males)], whereas it was more abundant at the sites south of JS, juvenile sampling (collection of egg rafts, larvae and pupae); OT, ovitrapping (not quantified).
Relative abundances in JS collections: -, rare (< 100); +, frequent (≥ 100 to < 1000); ++, abundant (≥ 1000).
Ae., Aedes; An., Anopheles; Cq., Coquillettidia; Cx., Culex. the Alps (i.e. SU-S and NA-S, 10.8% and 55.3% of all males, respectively). Most of the species were collected at all sites (Fig. 2) , except three species that were found only in natural environment (NA) sites [i.e. Aedes cataphylla Dyar and Culiseta morsitans (Theobald) at NA-N, and Coquillettidia buxtoni (Edwards) at NA-S]. In addition, Aedes japonicus (Theobald) was collected at both sites north of the Alps only, whereas Ae. albopictus and Aedes caspius (Pallas) were collected only at both sites south of the Alps. Compared with adult trapping, JS additionally revealed the presence of Culiseta longiareolata (Macquart) and Culex hortensis (Ficalbi).
Species abundances and seasonality
The 2013 dataset (see above and Table 1 ) used for in-depth analyses of species abundance and seasonality showed that, considering all species, mosquitoes were more abundant in natural (NA; n > 28 100) than in suburban (SU; n ≈ 1350) environments (P < 0.0001). There was an effect of site: mosquitoes were significantly more abundant at NA-S than at NA-N (P < 0.0001), at NA-N than at SU-S (P < 0.0001), and at SU-S than at SU-N (P < 0.01). As for seasonality, mosquitoes were more abundant in 'late spring' and 'mid-summer' compared with 'early autumn' (P < 0.0001).
With reference to specific species abundance and seasonality, the data for five species [Ae. cataphylla, Cq. buxtoni, Culiseta annulata (Schrank), Cs. morsitans, Culex territans (Walker)] that were rarely trapped were insufficient for statistical analysis. The two mosquito species Ae. albopictus and Ae. caspius, both present only south of the Alps, showed abundances affected only by the environment: the first species was more abundant at SU sites (P < 0.0001), and the second at NA sites (P < 0.001). In addition, Ae. japonicus was more abundant at SU sites (P < 0.0001), but was present only north of the Alps. Of the other species, all proved to be more abundant at NA sites (P < 0.001), except Aedes geniculatus (Olivier), for which environment had no effect on abundance. Three taxa showed no differences in abundance between both NA sites [Ae. cinereus/geminus, An. maculipennis s.l., Coquillettidia richiardii (Ficalbi)], and three were more abundant at NA-S [Aedes sticticus (Meigen), Aedes vexans (Meigen), Cx. pipiens/torrentium] (P < 0.0001) and two at NA-N [An. claviger, Anopheles plumbeus (Stephens)] (P < 0.05). Four species showed no or marginal differences in abundance between seasons (Ae. albopictus, Ae. caspius, Ae. japonicus, An. plumbeus). No species was more abundant in 'late spring' or 'early autumn'. Thus, the species can be categorized into two groups: (a) those that show highest abundance in 'late spring' and 'mid-summer' (but no difference between these) compared with 'early autumn' [Ae. annulipes/cantans and Ae. cinereus/geminus (P < 0.0001); Ae. geniculatus and Ae. sticticus (P < 0.001); Ae. vexans (P < 0.01)], and (b) those that show highest abundance in 'mid-summer' [An. maculipennis s.l. (P < 0.0001); Cx. pipiens/torrentium (with higher numbers in 'late spring' than in 'early autumn') (P < 0.0001); An. claviger and Cq. richiardii (P < 0.0001) (without differences between spring and autumn)]. Detailed results are given in Appendix S1, online.
Overall, some species were under-represented in CDC trap compared with ovitrap collections and/or JS (e.g. Ae. japonicus: n = 161 in CDC traps, but n = 9061 and n = 4030 in ovitraps and JS, respectively; Ae. geniculatus: n = 207 and n = 234 in CDC traps and ovitraps, respectively, but n = 2016 in JS). Other species were absent in CDC traps but found by JS (Cx. territans: n = 208; Cx. hortensis: n = 3090; Cs. longiareolata: n = 7). Finally, samples of some species were collected in CDC traps, but very rarely by JS (Ae. annulipes/cantans, Ae. caspius, Ae. cinerus/geminus, Ae. sticticus, Ae. vexans, An. claviger) . Figure 3 shows the adult seasonal activity of the two most abundant species for each site, as revealed by CDC trap collections during 2012-2014.
Discussion
The diversity and seasonal abundances of mosquitoes in Switzerland were assessed at one suburban and one natural site adjacent to extended wetlands both north and south of the Alps. Samplings were based on baited adult CDC traps run over the mosquito season in 2013, which yielded a collection of 29 715 specimens, with complementary monitoring performed in 2012 and 2014, as well as JS and ovitrapping to complete the trapping results. A total of 122 831 mosquito specimens were gathered in this study, representing a quantity unsurpassed in similar studies (Schaffner & Mathis, 2013; Flacio et al., 2014) carried out in Switzerland. A combined literature and field pilot study in 2010 revealed a consolidated list of 36 mosquito species in Switzerland . These include species generally described as abundant [i.e. Cx. pipiens, Ae. vexans and Ae. sticticus (Schaffner & Mathis, 2013; Flacio et al., 2014) ], and two invasive species found either south (Ae. albopictus) or north (Ae. japonicus) of the Alps (Schaffner et al., 2009; Flacio et al., 2015b) . Two additional alien species, Aedes koreicus (Edwards) and Aedes cretinus (Edwards) (Suter et al., 2015; Flacio et al., 2015b) were recently identified for the first time in Switzerland during vector surveillance activities that used protein profiling methods to identify aedine eggs collected in ovitraps ). In the current study, a total of 21 taxa were identified (Table 1) . Among the species only rarely reported in Switzerland , Ae. caspius, Cs. longiareolata and Cq. buxtoni were confirmed as being present south of the Alps. The absence of other species from the species list can be attributed mainly to the local scale of the present investigations, the fact that certain habitats were not included (e.g. at subalpine altitudes or in rural areas) and annual fluctuations in mosquito populations. Culex modestus, a significant WNV vector in parts of Mediterranean Europe (Balenghien et al., 2008) , was reported to have spread in central Europe and was the predominant species in wetlands in a recent study from the Czech Republic (Radrova et al., 2013) . Interestingly, this species was not collected at all in the present study, but has been found rarely in small wetlands 30 km south of the site NA-S [last report from 2010 (Flacio et al., 2014) ].
The present investigation into seasonal abundance based on catches by CDC traps (2013 only) revealed Ae. annulipes/ cantans, Ae. geniculatus, Ae. japonicus, Ae. sticticus, Ae. vexans, Cq. richiardii and Cx. pipiens/torrentium as the overall dominant species. As for the sibling species Cx. pipiens and Cx. torrentium, high abundances were demonstrated by JS and ovitrapping rather than by CDC trap collections. The first taxon was revealed to be dominant at the northern sites at higher altitudes (520 m a.s.l.), whereas the second was more dominant at the southern sites at lower altitudes (around 200 m a.s.l.). This contradicts the general assumption that Cx. torrentium becomes more frequent towards higher altitudes and northern latitudes (Hesson et al., 2014) . However, the presence of hills and mountains in the immediate surroundings of both southern sites may explain the higher abundance of Cx. torrentium, whereas the northern sites were located in the Swiss midplains. None of the collection techniques (CDC traps, JS, ovitrapping) revealed the presence of Ae. japonicus south of the Alps or Ae. albopictus north of the Alps. The current distributions of these species are presumably related to the pathways of their introduction more than to environmental and climatic requirements [i.e. Ae. albopictus was introduced from Italy into southern Switzerland (Flacio et al., 2015a) and Ae. japonicus is spreading from populations introduced in the north (Schaffner et al., 2009) ]. There was no evidence for the presence of other invasive Aedes species (e.g. Ae. koreicus). Sampling by ovitraps was found to be a very efficient method of collecting Ae. japonicus (n = 9061 specimens) compared with JS (n = 4030) and especially with CDC traps (n = 161 only), despite the fact that iGu ® lure was included in the latter. By contrast, Ae. albopictus was efficiently caught by CDC traps with iGu ® lure (n = 464) compared with both ovitrapping and larval sampling (n = 117 and n = 10, respectively). This species is known to be more efficiently attracted by lure-baited traps than by traps baited with CO 2 only (Meeraus et al., 2008; Hoel et al., 2009) and thus surveillance by ovitrapping and JS is preferred (Schaffner et al., 2013a) . However, the efficiency of iGu ® has not yet been well studied with reference to Ae. albopictus. The absence of Cs. longiareolata, Cx. hortensis and Cx. territans from CDC trap catches, despite their collection by JS, is not really surprising as these species were little attracted to baited traps in other studies that used both methods (Osório et al., 2014) , except for Cs. longiareolata when breeding habitats were abundant close to the trapping site (Almeida et al. 2010) . Conversely, the low representation of other taxa in JS compared with CDC trap collections can be explained by their transient larval presence following flooding. These species (e.g. Ae. annulipes/cantans, Ae. caspius, Ae. cinereus/geminus, Ae. sticticus, Ae. vexans) can easily remain unnoticed by JS if it is not performed within the short time window available.
The present study detected no major differences in mosquito species richness at suburban sites and natural zones in Switzerland. However, container-breeding mosquito species that are dominant in artificial containers (i.e. Ae. albopictus and Ae. japonicus) were consistently found to be more abundant in suburban environments, whereas species that are dominant in natural containers (i.e. tree holes) were more abundant in natural environments (An. plumbeus) or were equally abundant in both types of environment (Ae. geniculatus). In addition, the species in which larval development takes place in natural habitats (i.e. Ae. caspius, Ae. cinereus/geminus, Ae. sticticus, Ae. vexans, An. claviger, An. maculipennis s.l., Cq. richiardii) were consistently more abundant in natural environments. Even Cx. pipiens/torrentium, which is ubiquitous with regard to its choice of larval habitat, was found to be more abundant in natural environments.
The present study did not reveal any clear impact of climate on mosquito distribution or abundance. Consistently, species in which larvae are almost only found in spring (e.g. Ae. annulipes/cantans) showed higher seasonal abundances in 'late spring' and 'mid-summer' compared with 'early autumn', as did three other taxa, Ae. cinereus/geminus, Ae. sticticus and Ae. vexans, in all of which larval development is dependent on flooding. Coquillettidia richiardii, An. maculipennis s.l. and Cx. pipiens/torrentium were consistently more abundant in 'mid-summer'. The single abundance peak of the first species confirms its univoltinism in the region, whereas the two other species have succeeding generations throughout the seasons, but show higher abundances in 'late spring' compared with 'early autumn'.
At site SU-N, Ae. japonicus was the most abundant species by CDC trap collections in 2013. This was confirmed by JS and ovitrapping, but these additional sampling methods also revealed a similarly high abundance of Cx. pipiens/torrentium, which confirms the limited efficiency of CDC traps for this taxon. Aedes vexans was the second most abundant species at SU-N, despite the absence of consistent larval habitats in the surrounding area. However, this species is known to have considerable dispersal capacity (Becker et al., 2010) . Similarly, Ae. vexans was the most abundant species at SU-S, together with Ae. sticticus, also known to disperse over wide distances (Becker et al., 2010) . In addition, Ae. albopictus was abundant at SU-S, despite the implementation of targeted control measures in that area. At NA-N, Cq. richiardii and Ae. annulipes/cantans were found to be the most abundant species. Considering the limited dispersal of these species (Schaffner et al., 2001) , larval habitats are certainly located in the adjacent wetland. No or only a few larvae of these species were collected, mainly because the JS technique applied was not adapted to Coquillettidia spp., the larvae of which attach to plant roots within the larval habitat and thus cannot be collected with classical dipping or netting methods. Aedes annulipes/cantans develop almost only in spring in temporary flooded water bodies. At NA-S, the floodwater mosquitoes Ae. vexans and Ae. sticticus were highly prevalent. Both species generate nuisance and, in response to complaints by local inhabitants, are subject to mosquito control campaigns in the large adjacent wetland (Flacio et al., 2014) . However, their abundance in CDC traps at the wetland site is not surprising as control methods do not aim to suppress the population completely, but rather to reduce the abundance of females and thus to limit their dispersal to inhabited places.
Potential vectors of dengue, Chikungunya and Zika viruses occur in Switzerland Flacio et al., 2015a) . In the present study, the known invasive vector species Ae. albopictus was collected only south of the Alps, but the species was recently reported at sites north of the Alps in both France and Germany (Bender et al., 2016; Walther et al., 2017) . The present study revealed this species to be the third most abundant at SU-S, despite the regular application of control measures (Flacio et al., 2015a) . Aedes albopictus has significant vector competence for various arboviruses and nematode worms (Schaffner et al., 2013b) and its vectorial capacity is related to its biting rate and thus to adult abundance. Consequently, there is a risk for local transmission in Ticino during the summer months, at least in suburban environments if any of these pathogens are introduced by travellers returning from endemic/epidemic areas. The second invasive species, Ae. japonicus, was suggested to be capable of playing a role in the transmission of dengue and Chikungunya viruses based on experimental infections , but this has not yet been demonstrated in the field. The prevalence of this species at SU-N suggests the risk that its populations will become involved in local transmissions north of the Alps, at least in suburban environments. The present study confirms the establishment of this cold-adapted species typically north of the Alps (Kampen & Werner, 2014) , although single specimens have been captured recently south of the Swiss Alps (Flacio et al., 2015b) .
In the present study, three mosquito species, Ae. japonicus, Ae. vexans and Cx. pipiens/torrentium, were found to be among the most abundant species in natural and suburban environments. These species are proven laboratory vectors of WNV (Turell et al., 2001; Tiawsirisup et al., 2008; Kramer et al., 2011; Wagner et al., 2018) , take both avian and mammalian bloodmeals and thus can potentially act as bridge vectors in Switzerland (Schönenberger et al., 2016) . Further species that were abundant could potentially be implicated as WNV vectors. Vector competence in the laboratory was demonstrated for Ae. geniculatus (Vermeil, 1960) and Ae. albopictus (Turell et al., 2001) . Field-collected specimens harbouring the virus were reported for Ae. annulipes/cantans, Ae. albopictus and Cq. richiardii (Hubálek & Halouzka, 1999; Holick et al., 2002) , and these species display opportunistic feeding behaviour on mammals and birds (Medlock et al., 2005; Tuten et al., 2012; Schönenberger et al., 2016) . However, Cq. richiardii has a single peak of abundance, which limits the period in which transmission is possible. The floodwater mosquitoes, such as Ae. vexans, the abundance of which is dependent on flooding and thus can vary considerably at a given site [e.g. from 568 to more than 45 000 mosquitoes collected in a season in Croatia over 10 years (Bogojević et al., 2009 )], may not be the initial drivers of an arbovirus amplification cycle. Nevertheless, both Cq. richiardii and the floodwater mosquito species may contribute to transmission once the virus is locally circulating.
Culex torrentium is suggested to play a major role in Sindbis virus transmission in Scandinavia in view of the high prevalence of virus in field-collected mosquitoes in comparison with Cx. pipiens and Cs. morsitans Theobald (Hesson et al., 2014) . These three ornithophilic species are suggested to maintain the enzootic cycle, whereas Ae. cinereus/geminus and Aedes rossicus D.G.M. are suggested as potential bridge vectors for transmission from viraemic birds to humans (Hesson et al., 2014) . Considering the high abundance of Cx. pipiens/torrentium in all environments, the present data suggest that Sindbis virus amplification cycles could occur in Switzerland, given that the virus is introduced by infected birds. In this instance, Ae. cinereus/geminus could act as a bridge vector as this taxon was observed in all environments and at all sites.
Conclusions
The current study suggests that, because of the presence of significant populations of Ae. albopictus, risk for local transmission of dengue, Chikungunya and Zika viruses in Ticino exists in the summer months in suburban environments at least, if a virus is introduced by travellers returning from endemic/epidemic areas. It also suggests that Cx. pipiens/torrentium may be the putative mosquito species involved in WNV and Sindbis virus amplification cycles in both natural and suburban environments. Aedes cinereus/geminus mosquitoes may act as bridge vectors for Sindbis virus to some extent, especially where there are high population abundances (e.g. in wetlands south of the Alps). The invasive mosquito species Ae. japonicus may be the best candidate as a bridge vector of WNV to mammals in suburban environments, whereas Ae. vexans and Cq. richiardii may take this role in natural environments. The current data suggest that the amplification cycle of WNV and its transmission to mammals may occur in both natural and suburban environments, given that the virus is introduced into Switzerland by infected birds.
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